Photoemission spectra show that Be͑0001͒ surface states shift to lower energy with increasing Na or K coverage in the monolayer range. At an intermediate monolayer coverage a quantum well state appears near the Fermi edge and shifts to lower energy reaching saturation energy at full monolayer coverage. At full monolayer coverage low energy electron diffraction shows 2 ϫ 2 order for K while Na forms an incommensurate closepacked structure aligned with the substrate. As a result of the different structures, the photoemission spectra show qualitative differences that are explained by diffraction. First-principles calculations for Be͑0001͒ and p͑2 ϫ 2͒K / Be͑0001͒ reproduce reasonably the measured energy shifts and dispersions. Spectra recorded for the shallow alkali-metal core levels show that the adlayer is inhomogeneous in an intermediate coverage range. While this is not noted when the valence state energies are measured a linewidth change observed for one of the surface states is ascribed to this inhomogeneity. It is suggested that the onset of inhomogeneity is associated with the occupation of states in the quantum well band. Occupation of these states, which are highly localized to the adlayer, gives metal character to the layer over an increasing area as the coverage is increased making the film homogeneous at high monolayer coverage. An anomalous emission line is observed for both Na and K as a low energy companion to the quantum well state line becoming increasingly separated from this as the coverage increases. We suggest that the satellite is due to an energy loss associated with collective oscillations in the overlayer.
I. INTRODUCTION
We have used angle-resolved photoemission to study the Na/Be͑0001͒ and K/Be͑0001͒ systems in mainly the monolayer coverage range and also observed low energy electron diffraction ͑LEED͒ patterns at full monolayer coverage. After noting that a full monolayer of K has 2 ϫ 2 order, a firstprinciples calculation of atomic and electronic structure was made for this system.
Be͑0001͒ has been extensively studied by photoemission. Aside from providing information about bulk and surface states with respect to dispersion, symmetry, and charge distribution, [1] [2] [3] [4] [5] the extreme properties of Be, high vibration frequencies, and a strong electron-phonon coupling for surface-state electrons, the results have been important for advancing the understanding of how phonons affect photoemission line shapes and linewidths for valence as well as core electrons. [6] [7] [8] [9] [10] [11] Another unusual property of Be͑0001͒ of interest when a metal layer is adsorbed is the distinct difference between the bulk and surface electronic structure semimetal in the bulk and metal near the surface.
Characteristic of Be͑0001͒ is the existence of a band gap, which is wide with respect to energy and lateral wave vector. The gap provides confinement over the entire energy-wavevector range of occupied electronic states in an adsorbed alkali-metal film. Due to the confinement all state characteristics of the overlayer systems are expected to be discrete as for a thin film in vacuum with the difference that the tail on the substrate side of the adsorbed film is oscillatory. The boundary conditions are thus favorable for realizing simple metal quantum wells with all states confined and discrete.
Only few substrates meet this requirement considering also that the sample must be conducting for photoemission to be applicable. Graphite is an alternative but when an alkali metal is adsorbed, a low temperature is needed to avoid intercalation or, for Na, three-dimensional ͑3D͒ growth. [12] [13] [14] A motivation for finding systems that realize near ideal metal quantum wells is that these provide unique opportunities to study many aspects of solid-state properties as witnessed by the wide range of experiments performed on the metal quantum well systems already uncovered. [15] [16] [17] [18] [19] [20] [21] [22] In the present work the emphasis is on the characterization of Na/ Be͑0001͒ and K/Be͑0001͒ in the monolayer range but some measurements made at higher coverage indicate that both systems are benign in the sense that additional layers can be grown with atomic layer defined thickness.
In part the results are as expected and foreshadowed by those reported for the Li/Be͑0001͒ system. 23, 24 Surface states shift gradually with increasing monolayer coverage and the same holds for a quantum well state ͑QWS͒, which becomes populated above an intermediate coverage. The gradual energy shifts could suggest that the adlayer is homogeneous with uniform adatom density and electronic structure. However, the spectra obtained for the shallow alkali-metal core levels reveal an inhomogeneity in an intermediate coverage range in which the overlayer obtains metal character. Furthermore the combination of photoemission and inverse photoemission data obtained for Li indicated that the population of the QWS does not occur via a gradual downshift of the energy across the Fermi level in the manner observed for Na or Cs covered Cu͑111͒. [25] [26] [27] Instead the QWS appears separated from the Fermi edge at all coverages for which it was observed.
At full monolayer coverage the photoemission spectra of K/Be͑0001͒ and Na/Be͑0001͒ show qualitative differences although the electronic structures are quite similar. As discussed below these differences may be ascribed to diffraction, the 2 ϫ 2 ordered K layer producing emission lines not noted for the close-packed but incommensurate Na layer.
Perhaps most interesting among the observations is an emission line noted for both Na and K and previously for Li. 23 The line appears in concert with the quantum well state line becoming increasingly separated from this as the alkalimetal coverage is increased. The energy-band calculation predicts no state that may account for the line and as far as we can understand there are no single-particle excitations that could explain the line in terms of an energy loss. We suggest that the line is due to an energy loss associated with a collective oscillation involving the quantum well state electrons.
II. EXPERIMENT
The angle-resolved photoemission spectra are recorded in the MAX synchrotron radiation laboratory at BL33, which covers the photon energy range of 15-150 eV. The Be͑0001͒ surface was prepared by cycles of Ar-ion sputtering followed by heating repeated in cycles until the zone-center surface state appeared as distinct as in a recent report. 9 The alkali metal was evaporated from heated glass ampoules broken in situ and held at constant temperature during an experimental run. For deposition and measurement the sample holder had to be moved between manipulators in the spectrometer and preparation chambers. In the spectrometer chamber and in the chamber used for K deposition, the sample holder was in contact with a LN 2 filled tube that gives a sample temperature of around 100 K Spectra recorded before and after the sample had been exposed to the LEED beam for a few minutes showed that this degraded the sample with respect to measured peak intensities. Apart from this contamination effects seem modest. After leaving a sample with a full alkali-metal monolayer in vacuum for 12 h without cooling contamination gives an increased intensity at around 8 eV binding energy. This is typical of oxygen which is the main contaminant in Be. In spite of this the emission lines of present interest are still observed with reduced intensity but with little change in the binding energy.
III. CALCULATIONS
The electronic structure calculations were performed with the total energy, plane-wave code PWSCF, 28 which is based on the density-functional theory ͑DFT͒. We adopt normconserving pseudopotentials for K and Be and the localdensity approximation for the exchange and correlation energy. A kinetic cutoff of 300 eV was used for the plane-wave basis and the finite temperature smearing of first-order Methfessel-Paxton type 29 was set to 0.68 eV. The atomic arrangement of ͑2 ϫ 2͒K / Be͑0001͒ was obtained by minimizing the total energy with respect to the positions of the K and Be atoms using a 17 atomic layer thick Be slab as substrate. The supercell contains four Be atoms in each layer and one K atom on the vacuum sides of the cell. In order to marginalize surface to surface interaction through the vacuum region, the surfaces were separated by 22.5 ͑Be͒ and 26.5 Å ͑K/Be͒ of vacuum.
The Be͑0001͒ slab was relaxed until the resulting force acting on an atom was less than 25 meV/ Å. Our calculation gives an expansion of the first and second interlayer distances by 3.2% and 0.93%, respectively, while the relaxation of deeper layers is negligible. A sizable first interlayer expansion is in agreement with previous calculations, 3.8%, 30 and LEED results, 5.8%. 31 As for the first interlayer distance our second interlayer separation is somewhat smaller than found in the previous calculation, 2.2%. 30 Based on the optimized structure for the Be͑0001͒ slab three different K adsorption sites were investigated. The on top and the two different hollow sites were compared with respect to total energy after having fully relaxed all atoms in a two step procedure. In the first step the adsorbed K atom was allowed to relax freely but the structure optimized for the Be substrate was kept rigid. This resulted in the following order of preference: ͑1͒ fcc hollow, ͑2͒ hcp hollow, and ͑3͒ on top, with 12 meV lower energy for the fcc site. In the second step all atoms are allowed to relax. The result is that the on-top site is favored by 15 meV/K atom. With the atom in this site there is, in the second step, an inward relaxation for both the K atom and the uppermost Be layer such that the K-Be distance is reduced by 2.6%. Furthermore, as shown in Fig. 1 , the adatom induces a rumpling of the Be surface layer. The on-top K atom resides 2.9 Å above the Be atom and this distance is 0.13 Å larger than the distance to the plane of the surrounding Be atoms in the top layer.
The adsorption of a K monolayer gives a work-function change and a redistribution of the charge compared to that of the constituents. The calculated work function of Be͑0001͒ is 4.9 eV and is reduced by 2.6 eV when the K layer has been adsorbed. The charge-density redistribution shown in Fig. 1 was obtained by summation of the charge-density distributions of a freestanding K monolayer and the Be͑0001͒ slab and subtraction of the sum from the charge-density distribution for the overlayer system. One notes that most of the charge accumulation is found in the interface region. This increase is mainly due to transfer from the K layer but there is also a small contribution from the first and second Be layers.
The energy-band structure was calculated along highsymmetry directions of the respective Brillouin zones of Be͑0001͒ and ͑2 ϫ 2͒K / Be͑0001͒. The bands and the wave functions for the states of interest will be presented below in connection to the experimental results.
IV. RESULTS

A. Band structure and diffraction effects
The differences and similarities between the photoemission spectra of the two systems are illustrated in Fig. 2 , which shows energy distributions recorded along the surface normal for Be͑0001͒ and this substrate covered with a full monolayer of Na or K. Like most of the spectra recorded in the present work the results in Fig. 2 were obtained at photon energies in the 30-35 eV range since all the states of interest then appear with reasonable intensity. The spectrum recorded for the clean substrate is dominated by the surface-state peak at 2.8 eV binding energy. As alkali metal is deposited this state shifts to lower energy gradually with increasing surface coverage approaching a saturation binding energies of 3.7 eV for Na and 3.4 eV for K ͑Fig. 3͒. The peaks labeled QWS in Fig. 2 are due to quantum well like states in the adsorbed monolayer. A corresponding state was observed for 1 monolayer ͑ML͒ of Li. 23 The QWS lines appear near the Fermi edge at a certain coverage and shift to higher binding energy with saturation at 0.55 and 0.40 eV binding energies for Na and K, respectively ͑Fig. 3͒. Peak A is poorly understood and will be discussed last in this section. The shown spectra were recorded for a cooled sample. Spectra recorded with the sample at RT show the same features although somewhat less distinct. At the lower temperature the QWS binding energies at saturation are slightly higher by around 0.15 eV for Na and 0.1 eV for K. A possible reason is that more atoms may be accommodated in the monolayer at the lower temperature.
Using saturation of the binding energy shifts as demarcation of full monolayer coverage the LEED patterns were recorded at this stage ͑Fig. 4͒. These show that K atoms form a 2ϫ 2 overlayer as might be expected from the relative sizes of K and Be atoms. The Na atoms are smaller and form a close-packed incommensurate overlayer with a surface mesh corresponding to 1.65ϫ 1.65 and with the symmetry directions along those of the substrate although with a small azimuthal elongation of the spots.
The peak labeled M in Fig. 2 appears only for potassium and becomes prominent only at high monolayer coverage. Photoemission spectra recorded at 33 eV photon energy along the surface normal for Be͑0001͒ ͑lower spectrum͒ and this substrate covered with 1 ML of Na or 1 ML of K. The adsorbates shift the ⌫ surface state ͑labeled S in the diagram͒ to higher binding-energy and quantum well states ͑QWS in the diagram͒ are observed at around 0.5 eV binding energy. The peak labeled M, observed for K but not for Na, is explained by the different structures of the two overlayers. Similar peaks, labeled A, are observed for both Na and K and these are not well understood. The light is incident at angle of 45°and polarized in the incidence plane.
Binding Energy (eV) The origin of this peak becomes evident from the LEED pattern and the emission angle dependence of the photoemission spectra ͑Fig. 5͒. Figure 6 shows the dispersion of states along the ⌫ -M direction obtained from the angle dependence of the spectra shown in Fig. 5 . For comparison the calculated bands for slabs of Be͑0001͒ and p͑2 ϫ 2͒K / Be͑0001͒ are shown in Fig. 7 . For Be͑0001͒ the calculation shows the surface states at ⌫ and M with binding energies ͑2.7 and 1.8 eV, respectively͒ near the experimental values ͑2.8 and 1.8 eV͒. The main qualitative difference between the two calculated band structures is that a QWS band appears for the overlayer case extending 0.56 eV below the Fermi energy at ⌫ . Aside from this there is an increased number of bands for the p͑2 ϫ 2͒K / Be͑0001͒ structure due to the folding of bands into the smaller Brillouin zone defined by the overlayer. In this zone the surface state at the M point of the larger Be͑0001͒ zone is found at ⌫ .
From the dispersion it is clear that peak M in Fig. 2 is due to the upper surface state at the M point of the surface Brillouin of the substrate. Upon adsorption the state has become downshifted by 0.4 eV for Na and by 0.3 eV for K from the energy for clean Be͑0001͒. The shift calculated for K is 0.2 eV. Also the larger shift of the ⌫ surface state, 0.7 eV for K, is well reproduced by the calculation ͑0.70 eV͒. Although the shift of the ⌫ state is large there is only a modest increase in the number of electrons in the band since the dispersion is changed. The experiment ͑calculation͒ gives effective band masses m ‫ء‬ / m of 1.25 ͑1.25͒ for Be͑0001͒ and 1.14 ͑1. 15͒   FIG. 4 . LEED patterns obtained at full monolayer alkali-metal coverage on Be͑0001͒. For Na ͑left panel͒, the overlayer forms an incommensurate structure, surface mesh approximately 1.65ϫ 1.65, aligned with the substrate although with some azimuthal disorder. For K the pattern corresponds to 2 ϫ 2 order ͑right panel͒. Both patterns are recorded at 100 K with an electron energy of 112 eV. The appearance of the zero-order spot just below the center shadow in the left-hand panel is explained by a somewhat larger incidence angle in that case. when the substrate is covered with 1 ML K. Assuming the length of Fermi wave vector in the ⌫ -M direction to be representative, the population of the ⌫ surface band increases by around 5% from 0.7 electrons per Be atom for the clean substrate. A more significant change for the charge balance at the interface is that the state has shifted to energies closer to the lower edge of the bulk band gap at around 4.8 eV ͑4.3 eV͒ below E F according to experiment ͑calculation͒.
2 More of the charge is therefore deposited further inside the substrate ͓Figs. 8͑a͒ and 9͑a͔͒. In addition the tail outside the substrate becomes longer than for the clean surface due to the attractive potential in the overlayer. Also the upper M state shifts toward the edge of the bulk gap but in this case, at least in the ͑1120͒ plane, the charge is redistributed mainly in the lateral direction ͓Figs. 8͑b͒ and 9͑b͔͒.
For the QWS bands the dispersion is repeated with a lateral period that agrees well with the LEED patterns. In the case of Na one might expect the substrate to introduce another repetition period for the QWS band but this is not observed. Regarding periodicity it is as if there had been no substrate. The dispersion of the QWS bands corresponds to band masses m ‫ء‬ / m of 1.65 for Na and 1.55 for K and according to the band calculation it is 1.05 for K. As noted in Table I where experimental and calculated energies and effective masses may be compared, the only significant difference concerns the mass of the QWS band. The discrepancy may reflect the poor energy resolution in the calculations close to the Fermi level. This is probably due to the introduced smearing of the Fermi level to improve convergence. In these calculations the smearing parameter is 0.68 eV, which even exceeds the binding energy of 0.56 eV of the QWS at ⌫ . This underestimate of the effective mass is also obtained in a previous DFT calculation for the QWS band of the saturated Na ML on Cu͑111͒, 32 when applying a smearing parameter of 0.1 eV, which similarly slightly exceeded the binding energy at ⌫ of 0.06 eV. The measured dispersion gives occupancies of 0.54 and 0.50 electrons per alkali-metal atom for Na and K, respectively. For K also the downshifted ⌫ surface band appears displaced by a reciprocal-lattice vector defined by the 2 ϫ 2 overlayer, while no corresponding observation is made for Na ͑Fig. 6͒.
In addition to the states discussed above Be͑0001͒ has a second surface state or resonance at the lower edge of the bulk band gap at the M point. The state is observed only in a small range of lateral wave vectors near the M point. For the K covered surface this surface state is difficult to resolve from the downshifted and k ʈ -shifted ⌫ surface state but overlap between these emission lines may give the distorted looking dispersion near the band minimum in Fig. 6 . As noted in a previous calculation 33 the lower M state deposits its charge below the surface ͓Fig. 8͑c͔͒ and is therefore not much affected by an adsorbate. Regarding peak A in Fig. 2 , a similar feature was observed for Li covered Be͑0001͒. 23 It was mentioned that it might be a loss component to the QWS line but it was believed to be due to a state translated to ⌫ by a reciprocallattice vector for the Li overlayer. Support for this came from the observation of a band maximum with the same energy as the peak of a reciprocal-lattice vector away from ⌫ . For Na or K there is no similar coincidence with respect to energy making the interpretation in terms of umklapp unlikely. Although we will not be able to give an interpretation we report some observations. As shown in Fig. 3 peak A appears in concert with the QWS line and becomes increasingly separated from this line as the coverage increases. As for Li the peak is observed only at angles near the surface normal ͑Fig. 6͒ but for K it is observed also near ⌫ of the second zone of the overlayer. If the photon energy is changed the intensity of peak A varies approximately as the QWS peak ͑Fig. 10͒. As noted previously 34, 35 the cross section for a QWS can vary rapidly with photon energy ͑Fig. 10͒. If the coverage is increased beyond the monolayer range, peak A decays in intensity. For multilayers no peak similar to A is observed in the energy range between the QWS lines and the line due to the downshifted ⌫ surface state ͑Fig. 11͒. The latter appears at approximately the same energy as for the monolayer but with reduced intensity. Only a marginal energy shift is expected since the state already at 1 ML coverage extends only with a tail in the overlayer. No satellite with an intensity comparable to peak A is observed adjacent to the ⌫ surfacestate line. Although this line is broader than the QWS line one would still expect to resolve such a satellite. The QWS energies for multilayers ͑Fig. 12͒ change with overlayer thickness in the manner observed for many metal overlayer systems as may be explained in terms of simple model potentials. 36 At the photon energy and detection angle used to record the spectra in Fig. 10 , only QWS with low binding energy gives a high intensity.
B. Shallow core levels
The gradual energy shifts observed for the valence states might suggest that the overlayer is homogeneous with respect to adatom density and electronic structure. The shallow core-level spectra shown in Fig. 12 for Na/Be͑0001͒ demonstrate that this is not the case, at least not in a range of intermediate monolayer coverages where two emission lines are observed. To save recording time these spectra were obtained with less resolution than required to resolve the Na 2p spin-orbit doublet. The line characteristic of low coverage remains at nearly constant binding energy and out of this grows a second line, which shifts to lower binding energy with increasing coverage and dominates the spectrum at high coverage. At high coverage this line is accompanied by a satellite on the low kinetic-energy side. The peak separation is around 0.7 eV at full monolayer coverage. This separation is thus similar to that between the QWS line and the anomalous peak A. While a second atomic layer might start to form before the first layer is complete, this does not explain the satellite. As shown in Fig. 13 the satellite observed for 1 ML Na falls outside the energy range of the layer dependent binding energies of thicker films. In the case of K there are bigger differences between the 3p binding energies for overlayers with different thicknesses ͑Fig. 14͒. Also for K a weak low energy component is noted for 1 ML but this falls at approximately the same binding energy as the K 3p line assigned to the uppermost atomic layer of a two atomic layer thick overlayer. After noting in several experimental runs that the linewidth of the ⌫ surface state increases markedly in an intermediate coverage range, this was studied in detail for Na together with the Na 2p spectrum described above. This increase is observed at approximately the same coverage for which the QWS starts to appear. When energy shifts were monitored the coverage was typically increased in doses. Due to the time required it was suspected that the spectra recorded at high coverages might get an increased linewidth due to contamination. In the linewidth measurement the sample was therefore cleaned between each dose such that each spectrum could be recorded within minutes after the deposition. Initially upon Na deposition the width increases modestly. In an intermediate coverage range it increases more rapidly by around 100 meV reaching an almost constant value at high monolayer coverage. The coverage dependence of the linewidth is shown in Fig. 15 together with the binding energies for the states of interest.
V. DISCUSSION
A. Charge distributions, diffraction effects, and energy shifts
The states characteristic of an overlayer system are hybrids with distinctly different characters in the overlayer and the substrate. The electrons experience a potential with different spatial variations in the substrate and the adsorbed layer. The mere existence of the QWS derives from the potential variations in the direction normal to the surface and laterally there are different periods in the substrate and the overlayer. That there are two lateral periods is not expected to be important for the states observed here since each state is well anchored in either the substrate or the overlayer. As shown for K in Fig. 9͑c͒ the QWS at ⌫ has one node in the K layer near the overlayer-substrate interface and deposits almost the entire charge in the overlayer, with maximum density outside a plane through the cores of the K atoms. This degree of confinement is extreme compared to similar cases. For alkali metals on Cu͑111͒ the charge of the corresponding QWS, with one node in the film, is shared more equally between the substrate and the overlayer. 26, 37 In contrast to the QWS the downshifted ⌫ surface state has nearly all its charge within the substrate ͓Fig. 9͑a͔͒. The energy is lower than the valence-band bottom of K metal and the state therefore extends with a tail outside the substrate although the tail is longer than for the clean Be͑0001͒ surface. The bottom state in a square potential well is nodeless in the well and the downshifted surface state is the corresponding state for a K monolayer on Be͑0001͒. For K the energy bands of the downshifted ⌫ and upper M states appear translated by a reciprocal-lattice vector of the overlayer ͑Fig. 6͒. This is explained by diffraction by the ͑2 ϫ 2͒K layer of the photoelectrons excited in the substrate or at the interface. No similar observation was made for Na. In that case the reciprocal-lattice vector is larger. The M states are translated to different k points in the overlayer zone making the diffracted intensity weaker than for the K layer when all the M states are backfolded to the ⌫ point. A possible reason for the difference between Na and K is that the heavier alkali-metal-atom scatters low energy electrons more strongly. It should also be pointed out that we did not investigate the photon energy dependence of the diffracted intensity. As in LEED the diffracted intensity will vary with electron energy with different energy dependences for different adsorbates.
B. Linewidth of the ⌫ surface state
The ⌫ surface state has served as a test object for theoretical calculations of hole lifetimes. 9, 38 From the temperature dependence of the linewidth the electron-phonon contribution to the width could be extracted. 9 When the linewidth due to the electron-phonon interaction and the experimental resolution is accounted for there is a good agreement with the contribution to the width from electron-electron scattering. The theoretical estimate is 265 meV, most of this, 225 meV, coming from scattering within the surface-state band, with smaller contributions from bulk states, 35 meV, and from the upper M surface state, 5 meV. 9 As noted in Fig. 15 the linewidth of the ⌫ surface state increases significantly in the coverage range where the QWS appears near the Fermi edge. A possible reason for the onset of width increase is that the population of the QWS band opens a channel of decay for the photohole in the ⌫ surface state. This is certain to contribute to the linewidth but, considering the small overlap between the QWS and the surface state ͓Fig. 9͑a͒ and 9͑c͔͒, it would be surprising to find the effect to be as large as measured. We believe that a more likely reason for the increased width is the inhomogeneity of the overlayer demonstrated by the core-level spectra ͑Fig. 12͒. The surface-state energy is no local probe and the inhomogeneity affects the binding energy weakly such that the spread in binding energy is reflected by the linewidth increase.
At high monolayer coverage the overlayer is homogeneous and there is still a larger linewidth than at low coverage. We ascribe this to the difference in electronic structure between the clean substrate surface and this surface covered with 1 ML of the alkali metal. In particular one would expect the contribution to the linewidth from bulk states to increase. One reason is the larger overlap with bulk states as the surface state extends deeper into the bulk. Furthermore, as shown for K in Fig. 7͑b͒ , the downshifted surface states is found among backfolded bulk states and may couple to these states. As a result the surface state will no longer have the discrete character it has for the clean substrate. This type of resonance broadening was recently noted to be small, Ͻ10 meV half width, but still significant for QWS in 1 ML of Na or Cs on Cu͑111͒.
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C. Nonmetal-metal transition
While the binding energies of the valence electron states shift gradually with coverage, this is not observed for the Na 2p level. Initially upon deposition one emission line is observed but this vanishes upon continued deposition and becomes replaced by a somewhat narrower line with a gradually shifting binding energy ͑Fig. 12͒. In an intermediate coverage range both emission lines are observed ͑80-130 s evaporation time͒. At high monolayer coverage the line obtains a satellite on the low kinetic-energy side.
The coverage dependence for the Na 2p emission is quite similar to that noted for the Li 1s line of the Li/Be͑0001͒ system. 24 The Li data included observations with inverse photoemission of the coverage dependence of the energy for an empty state near above the Fermi level. A plot versus coverage of this energy and the QWS energy measured at k ʈ = 0 indicated that that there is a gap between the lowest energy observed for the empty state and the highest QWS energy. As for Na and K the highest QWS energy for Li is close to the Fermi level. Based on this, the Li 1s data and the observed LEED patterns it was suggested that there is a discontinuous nonmetal to metal transition in the overlayer at an intermediate monolayer coverage.
The same interpretation may be made for the present systems. The metal character of the full monolayer is assured by the QWS band, which at full monolayer coverage contains around 0.54 and 0.50 electrons per alkali-metal atom for Na and K, respectively. When the QWS first appears near the Fermi edge this means that the density of states at the Fermi energy obtains a value typical of a metal. At lower coverage the states in the ⌫ surface band extends across the Fermi level but little of this charge falls in the overlayer. Assuming the QWS to have a distinct energy when it appears at a certain coverage, this would give a stepwise increase in the density of states at the Fermi level at that coverage. In practice the adatom density will not be homogeneous making the QWS energy less distinct and the onset of metal character less abrupt. Such observations are made for Na or Cs covered Cu͑111͒ where the corresponding QWS can be observed by photoemission as it shifts with increasing coverage from above to below the Fermi energy. 26, 39 With the present setup the intensity was too low to monitor states above the Fermi energy. We thus do not know whether there actually exists a QWS above the Fermi level having an energy, which may be downshifted in a gradual manner into the populated range by increasing the coverage. According to the inverse photoemission and photoemission results this is not the case for Li/ Be͑0001͒ ͑Ref. 24͒ but further information on this for the present systems would be of interest.
With the above considered it seems possible to explain the present data in terms of an almost stepwise transition to metal character in patches that become larger as the coverage is increased making the transition gradual when the whole film is considered. In the first stage the QWS is only patchwise occupied. Thus, if this electron gas is spatially inhomogeneous only a fraction of the alkali-metal atoms reside in the electron gas. This would explain the existence of two different core lines in an intermediate coverage range. Beyond this range the electron gas hangs together and only one Na 2p emission line is observed. As with increasing coverage the QWS band shifts to lower energy the electron density in the overlayer increases and the Na 2p emission line shifts to lower binding energy. In concert with the occupation of the QWS, maybe driven by this, there could be some change in the order in the overlayer. The results however indicate that this change is modest with regards to the adatom density. This is demonstrated by the gradual energy shift of the surface state and by the observation that the Na 2p line of the high coverage phase starts out at an energy near that observed at low coverage.
Finally we note that the present systems seem to have properties intermediate between those, which may be obtained for alkali metals deposited on metal and on graphite. Although it is not typical one may for metal substrates find a gradual change in alkali-metal core-level binding energies or excitation thresholds throughout the monolayer coverage range with a higher binding energy at low coverage when the adatoms are more ionic than at high coverage when the layer is almost neutral. 40, 41 This is as observed for the high coverage phase on Be͑0001͒. On graphite by contrast there is a distinct change in atomic order and electronic structure in the monolayer coverage range. Beyond a coverage threshold the alkali-metal atoms form a condensed phase coexisting with a dispersed phase found at low coverage. 42 For K and Rb the high coverage phase consists of monolayer thick islands with close-packed atoms in 2 ϫ 2 order. 13, 43 The effect of increasing the adatom coverage is just a larger island area but no significant compression of the atoms. This is reflected by coverage independent binding energies for core and valence states for the high coverage phase. As demonstrated by a LEED and core-level study of K/Ag͑100͒, one system can show both of the two types of behavior referred to above. 44 At 90 K core-level binding energies change in a gradual manner as the coverage is increased but at 220 K this is only observed in a low coverage range. Beyond approximately 0.2 ML coverage an island phase is observed which is reflected in the spectra by a nearly stepwise change in binding energy, this remaining almost constant when the coverage is increased.
D. Anomalous peak
Peak A in Fig. 2 could be due to an energy loss with the QWS line as the primary. Since there is a similar separation in energy between the Na 2p components observed at high monolayer coverage ͑Fig. 12͒, the low energy component may be a loss satellite due to the same excitation. We find no single-particle excitations that could account for a loss peak and speculate that the loss is due to collective oscillations in the overlayer. For the clean Be͑0001͒ a loss due acoustic plasmons in the surface layer was recently observed and the dispersion was explained quantitatively 45 using a model predicting this type of excitation for Be͑0001͒. 46 The results were obtained by electron energy-loss spectroscopy and the present data suggest that similar experiments would be of interest for alkali-metal covered Be͑0001͒. The QWS electrons form a very thin sheet of electron gas in the outer region of the monolayer and this may be expected to have an important influence on the collective oscillations near the surface. Plasmon excitations have been observed previously for adsorbed alkali-metal monolayers by electron-energy loss spectroscopy 40, [47] [48] [49] [50] but have not showed up in photoemission spectra.
VI. SUMMARY
The ⌫ surface state of Be͑0001͒ shifts gradually to lower energy with increasing Na or K coverage in the monolayer range. At least for Na/Be͑0001͒ which was studied in detail the gradual shift masks the inhomogeneity evident from the shallow core-level spectra in an intermediate coverage range. In this range a quantum well state characteristic of 1 ML coverage becomes occupied marking the onset of metal character locally as well as the onset of inhomogeneity. According to our interpretation the inhomogeneity is noted as a linewidth change for the ⌫ surface state. Although the population of the quantum well state opens a channel of decay for the photohole in the ⌫ surface state, we believe this to give a minor increase in the linewidth. At full monolayer coverage the spectra for K and Na show qualitative differences, which reflect the different structures obtained with prominent diffraction effects noted for the commensurate K monolayer. The band structure obtained from a structure optimized DFT calculation made for 2 ϫ 2 ordered K on Be͑0001͒ agrees well with the experiment. An unexplained emission line is observed for both 1 ML Na and K. The data indicate that this is a loss companion to the quantum well state emission peak. We suggest that some collective mode is excited involving the QWS electrons, which form a thin sheet of electron gas in the adsorbed monolayers.
